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Hydrogen embrittlement is a serious concern that can limit the usage of various metals and alloys in different aqueous environments. Hydrogen ingress into the metal can result in the initiation of microcracks, which can later lead to the failure of the specimen. [1] [2] [3] Hydrogen embrittlement occurs as a result of hydrogen evolution on the surface of the specimen via electrochemical phenomena such as corrosion and the subsequent penetration of hydrogen into the solid following an adsorption-absorption pathway. Surface modification techniques have been used to reduce hydrogen-induced failures. [4] [5] [6] [7] Unfortunately, processes that use heat-treatment methods and laser modification methods do not completely eliminate the hydrogencracking hazard while electroplating of certain materials represents promising control technique. Extensive research has been done on reducing the corrosion and hydrogen permeation of different metals in corroding environment. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Chen and Wu 8 reported the effect of copper, tin, silver, and nickel plating on hydrogen permeation inhibition in AISI 4140 steel. It was found that copper and tin effectively reduced the hydrogen permeation by over 80%. However, the corrosion resistance behavior was not presented for these electrodeposited metals. Cadmium plating has been extensively used as a corrosion resistant coating on hard steel for various applications. 9 Zamanzadeh et al. 10 found that deposits of cadmium reduced the hydrogen adsorption on iron. Growing ecological concerns led in recent years to attempts to exclude cadmium plating as a means of protection of steel surfaces against corrosion and hydrogen permeation. 11 Alloying of zinc with ferrous metals and in particular with nickel appeared to contain the promise of protection properties similar to those of cadmium. 12 However, an anomaly associated with the codeposition of the ferrous metals with zinc limits the barrier resistance that can be achieved with these coatings. Previously our group [13] [14] [15] [16] [17] [18] has devised a variety of electrodeposition schemes to decrease corrosion and inhibit hydrogen permeation. For the hydrogen permeation inhibition, the approach has been to enhance recombination of adsorbed hydrogen atoms as hydrogen molecules as opposed to trying to control the absorption and diffusion of hydrogen into the metal.
In this study, the hydrogen permeation characteristics of Zn-NiCd alloys 19 were studied under potentiostatic conditions, and the results were compared with those obtained for a Zn-Ni alloy. The corrosion studies of the Zn-Ni-Cd alloy were presented in the first part of this series. 19 Several models [20] [21] [22] [23] [24] have attempted to explain hydrogen entry into metals and to evaluate the kinetic and permeation parameters. In this work a potentiostatic model 23 was used for estimating the kinetic constants to enable the permeation characteristics of both alloys to be compared. Experimental Sample preparation.-Plating and subsequent corrosion studies were done on low-carbon steel foils with thickness of 0.5 mm and area 50 mm 2 . The cleaning procedure used in this study is described by Blum et al. 25 Initially, the steel samples were mechanically polished with successively finer grades of emery paper, degreased with alkali, and rinsed with deionized water for 2 min. Next, the samples were treated in 20% hydrochloric acid for 1 min to remove any adherent oxide layer present on the surface and were again washed in deionized water.
Hydrogen permeation studies were carried out in the Devanathan-Stachurski 26 type permeation cell using steel foil of thickness 0.1 mm and approximately 4 cm 2 area (5 ϫ 5 cm, Good Fellow Corporation). The same set of sample preparation procedures was adopted to insure a clean surface. One side of the membrane is carefully masked using Teflon before doing the deposition. Deposition, corrosion, and permeation characterization studies were done using an EG&G PAR model 273 potentiostat interfaced with a computer. A three-electrode setup was used to deposit the alloy. The steel foils prepared as described above were used as the working electrode. Platinum foil of equal area as that of the working electrode was used as a counter electrode and a standard calomel electrode (SCE) was used as a reference electrode. All depositions were carried out potentiostatically at Ϫ1.2 V vs. SCE. The distance between the working and counter electrode was maintained at a constant value of 2.5 cm. The deposition time was adjusted so as to obtain a coating of thickness approximately 3 m. All solutions were prepared with analytical-grade reagents and distilled water. Electrochemical techniques and electrochemical impedance spectroscopy (EIS) were used to evaluate the barrier film resistance of Zn-Ni-Cd deposits. Energy dispersive spectroscopy (EDAX) was used to analyze the Zn-Ni ratio of the electrodeposits. Since chemical dissolution of the zinc deposit occurs under acidic or alkaline conditions, the corrosion studies of Zn-Ni-Cd coatings were carried out in a 0.5 M Na 2 SO 4 ϩ 0.5 M H 3 BO 3 buffer solution of pH 7.0. A three-electrode setup and an EG&G PAR model 273 potentiostat and a Solatron impedance analyzer were used to carry out the corrosion measurements. A standard calomel electrode was used as the reference and a platinum mesh electrode as the counter electrode.
Permeation experiments were carried out in a two-compartment system separated by the steel foil plated with Zn-Ni-Cd on one side. The Teflon mask on the other side is removed and the surface is carefully cleaned with soap solution followed by rinsing in distilled water. Hydrogen is evolved on the cathodic side, on the Zn-Ni-Cd deposit by potentiostatic polarization method. The electrolyte of 0.5 M Na 2 SO 4 with 0.5 M H 3 BO 3 buffer was used, and the pH was maintained at 7.0. The current associated with the hydrogen permeation is continuously monitored on the anodic side after setting the potential to a constant value of Ϫ0.3 V vs. a Hg/HgO reference electrode. The electrolyte for the anodic compartment was 0.2 M NaOH. To avoid dissolution or passivation, and to maintain consistency in the permeation current data, a thin layer of palladium was plated on the anodic side. 18 Pure nitrogen was purged through both compartments so as to keep the solutions devoid of dissolved oxygen. Permeation experiments were performed three times on new deposits to assess the reproducibility of the observed permeation currents. The observed permeation currents varied within Ϯ3% (relative) in all cases. The average of the three readings was used for data analysis.
Results and Discussion
Addition of CdSO 4 to the electrolytic Zn-Ni sulfate bath lead to the codeposition of cadmium with the Zn-Ni. Zn-Ni-Cd alloys have lower corrosion potentials compared to pure Zn-Ni deposits. In Table I the corrosion potentials of deposited alloys were compared with the corrosion potentials of nickel, cadmium, and steel substrates in the corroding media (0.5 M Na 2 SO 4 ϩ 0.5 M H 3 BO 3 buffer solution of pH 7.0). The observed shift in the corrosion potential from Ϫ1.13 V in case of Zn-Ni alloy to a corrosion potential of Ϫ0.635 V corresponding to Zn-Ni-Cd (3 g/L and more of CdSO 4 in the bath) ternary alloy coatings reflects the increase in nickel content in the alloy. The rest potential of Ϫ0.635 V vs. SCE for the Zn-NiCd alloys is higher than the corrosion potential of Cd (Ϫ0.798 V) but lower than the corrosion potential of steel. Thus, the Zn-Ni-Cd coating offers a sacrificial protection for steel. At the same time, the overvoltage relative to the corrosion potential of steel (galvanic driving overpotential) is significantly reduced in case of Zn-Ni-Cd compared to that of Zn-Ni, thus extending the life of the coating under corroding conditions. Electrochemical impedance spectroscopy was used to study the barrier resistance of the protective coating in corroding solutions. Figure 1 shows the Bode response of impedance analysis done on different coatings. It is seen that the low frequency resistance is about ten times higher in case of Zn-Ni-Cd (3 g/L CdSO 4 ) when compared to Zn-Ni coating. The observed increase in barrier resistance was due to an increase in the nickel content in the alloy as revealed by prior EDAX analysis 19 (6. 4% Ni in the case of Zn-Ni to 20.8% Ni in the case of Zn-Ni-Cd obtained from baths containing 3 g/L CdSO 4 ). The first part of this series showed the effect of different CdSO 4 concentrations on the composition and corrosion properties of the deposit. Nickel and cadmium content in the alloy increased with the addition of CdSO 4 to the bath. 19 The results obtained from EIS and Tafel polarization studies were used to evaluate the corrosion current of the deposits in the corroding media. The polarization resistance values estimated from EIS were used to calculate the corrosion rates. Figure 2 shows a comparison of corrosion rates of various coatings. In the case of 3 g/L CdSO 4 (Zn-Ni-Cd alloy with Zn/Ni/Cd ϭ 5:2:3 wt %), the corrosion rate of the resultant deposit is one order of magnitude smaller than that of the cadmium coating. This ensures the longevity of the coating for industrial applications. A much thinner coating can be used to achieve the same protection that will be obtained using a thicker cadmium coating. Figure 3 shows a plot of the cathodic current density as a function of the applied overpotential for deposits obtained from baths containing different amounts of CdSO 4 . As seen from Fig. 3 , at any particular overpotential, the cathodic current density decreases (slower kinetics of hydrogen evo- The hydrogen evolution and permeation current densities are compared in Fig. 5 for bare and Zn-Ni deposits with deposits plated from sulfate electrolytes containing 3 g/L CdSO 4 . The cathodic and permeation current densities are about one order of magnitude smaller in case of Zn-Ni-Cd deposits when compared to Zn-Ni deposits while the hydrogen permeation current in case of steel is approximately two orders of magnitude greater than that of Zn-NiCd deposits.
Hydrogen permeation characterization.-
The following relationships for the permeation and cathodic current densities as a function of kinetic parameters were obtained by Iyer et al. 29 for the coupled discharge-chemical recombination mechanism assuming Langmuir isotherm [1] [2]
For this model to be applicable, the plot of j ϱ vs. Ίෆ i r should be linear and pass through close to the origin. The hydrogen permeation parameters iЈ 0 and kЉ may be evaluated from the plots j ϱ vs. Ίෆ i r ; and i c e a␣ vs. j ϱ , respectively. Figure 6 shows the j ϱ vs. Ίෆ i r plots for Zn-Ni-Cd (3 g/L CdSO 4 ) coated and bare steel. The i c e a␣ vs. j ϱ dependence is shown in Fig. 7 . As shown in Fig. 6 , in the case of Zn-Ni-Cd alloy coating, deviations occur in the square root relationship. This nonlinearity arises due to the activation of hydrogen evolution reaction. 28 Under these conditions, the Frumkin-Temkin (F-T) corrections have to be applied to the discharge and recombination currents. 28 Equations 3 and 4 give the modified set of charging and recombination currents 29 [3] i i 
H e 2␣f Ј H [4] where fЈ ϭ ␥/RT and ␥ is the gradient of the apparent standard free energy of adsorption with coverage. The value of fЈ is taken to be equal to 4.5. 28 After suitable modifications, Eq. 3 and 4 can be written as
The nonlinear trend in the j ϱ vs. Ίෆ i r arises as a result of the exponent term added to the characterizing currents to compensate for the higher surface coverage. As shown in Fig. 8 , a plot of ln (Ί ෆ i r /j ϱ ) vs. j ϱ shown for Zn-NiCd coatings deposited from 1 and 3 g/L CdSO 4 is linear. The parameters of interest were evaluated using the slopes and intercepts of plotting functions 11 and 12 ( Fig. 8 and 9 ) by an iterative procedure. The value of ␣ was assumed to be 0.5 for the first guess. With this value for ␣, the constant kЉ can be obtained from the slope of plot ln (Ί ෆ i r /j ϱ ) vs. j ϱ (Fig. 8) . The recombination rate constant k 3 can be determined from the intercept of the same plot.
The exchange current density i o is determined from the ln{i c e (afЈ H ) /(1-H )} vs. plot (Fig. 9) . Knowing the i o from the intercept of the plot, we proceed to verify the ␣ value assumed. Using this ␣ value obtained from the regression analysis of Eq. 11, a new value for kЉ was found by a regression analysis of Eq. 6. Next, a regression analysis is again performed on Eq. 5. The procedure was repeated until ␣ converges to a fixed value. Having calculated kЉ, H can be calculated using the relation [7] Figure 10 shows the hydrogen surface coverage ( H ) as a function of the overpotential. The surface coverage is quite high in case of Zn-Ni-Cd alloys. However, the enhancement on the recombination, which is shown later, ensures lesser hydrogen permeation. Data analysis has been done previously for Zn-Ni case and plain steel. 24 The results are presented along with our findings for Zn-Ni-Cd alloys for the sake of comparison. Table II summarizes the different constants that characterize the hydrogen permeation in Zn-Ni-Cd alloy obtained from baths containing 1 and 3 g/L of CdSO 4 . Constants evaluated for Zn-Ni are also shown for comparison. A diffusion coefficient 24 value of 2.67 ϫ 10 Ϫ7 cm 2 /s was used for these analyses. The thickness of the coating was assumed to be negligible when compared to the thickness of the steel membrane, and hence any effect of the coating on the diffusion of hydrogen is neglected. The accuracy of the computed values of transport and kinetic properties are primarily dependent on the accuracy of the diffusivity value. It is seen from the table that the i o value for Zn-Ni largely decreases with the addition of CdSO 4 in the electrolytic bath. This decrease reflects the slower kinetics of hydrogen evolution on deposits obtained from baths containing CdSO 4 . The surface coverage of hydrogen decreases with the addition of CdSO 4 in the bath (Fig. 10) . However, there is a tremendous increase in the value of recombination rate constant, k 3 , suggesting higher recombination rate in case of Zn-Ni-Cd alloys when compared to Zn-Ni. It is interesting to note that the adsorption-absorption coefficient increases in case of Zn-Ni-Cd alloys. This increase however, does not greatly affect the hydrogen permeation in the alloy because most of the hydrogen present on the surface is recombined. Thus, the increase in recombination rate constant counters the effect due to the increased adsorption-absorption rate constant. This ensures a decrease of hydrogen permeation through the membrane. Hence concentration of 3 g/L (and above) of CdSO 4 in the bath would lead to deposits with inhibition toward hydrogen permeation.
Conclusions
Impedance analysis on Zn-Ni-Cd alloys indicated better barrier resistance when compared to Zn-Ni alloys. The hydrogen permeation characteristics of these coatings on steel were evaluated under cathodically polarized conditions and were compared with the Zn-Ni coated steel and plain steel. Frumkin-Tempkin isotherm was adopted in order to account for the effects of a large surface coverage of hydrogen. The modified Iyer, Pickering, and Zamanzadeh model was used to determine the transport and kinetics parameters of these deposits. It is seen that the exchange current density decreases with increasing concentration of CdSO 4 in the bath. Also the recombination rate constant increases with the addition of CdSO 4 to the electrolytic bath. This ensures a decrease of the amount of hydrogen available for absorption. An increase in the adsorption-absorption rate constant was observed. The observed decrease in hydrogen permeation rate through Zn-Ni-Cd (3 g/L CdSO 4 ) was due to both the decrease in the corrosion current density and an increase in the recombination rate constant. 
